Introduction
The median preoptic nucleus (MnPN) and the ventral lateral preoptic area (vlPOA) of the hypothalamus contain sleep-active neurons. Both the MnPN and the vlPOA exhibit sleep-associated c-Fos protein immunoreactivity (Fos-IR) (Sherin et al., 1996 (Sherin et al., , 1998 Gong et al., 2000) and subsets of neurons in these nuclei have elevated discharge rates during sleep compared with waking as demonstrated by unit-recording studies (Szymusiak et al., 1998; Suntsova et al., 2002) . Sleep-related Fos-IR is predominantly expressed in MnPN GABAergic cells and in GABAergic/ galaninergic vlPOA neurons (Sherin et al., 1998; Gaus et al., 2002; Gong et al., 2004) . The number of Fos-positive GABAergic cells in these nuclei is positively correlated with the total amount of preceding sleep (Gong et al., 2004) .
Original studies on functional mapping of Fos-IR reported low levels of Fos-positive neurons in the MnPN of rats that were sleep deprived compared with spontaneously sleeping rats (Gong et al., 2000) , whereas recent studies have reported higher numbers of Fos-immunoreactive neurons (IRNs) in the MnPN of sleep-deprived rats (Modirrousta et al., 2004; Peterfi et al., 2004; Gvilia et al., 2005) and of rapid eye movement (REM) sleepdeprived rats (Gvilia et al., 2006) . The number of MnPN and vlPOA GABAergic neurons manifesting Fos-IR is elevated during recovery sleep after total sleep deprivation (Gong et al., 2004) and during recovery sleep after REM-sleep restriction (Gvilia et al., 2006) . These findings indicate that elevated homeostatic pressure for non-REM and REM sleep can be associated with increased activation of subsets of MnPN and vlPOA neurons, suggesting an involvement of these neurons in the homeostatic regulation of sleep.
Little is known about specific neuronal systems that regulate homeostatic aspects of sleep control. The goal of the present study was to evaluate a hypothesis that activation of GABAergic neurons in the MnPN and vlPOA is associated with increasing homeostatic sleep drive/pressure and not with increasing sleep amount. Patterns of c-Fos-IR were compared among groups of rats exhibiting different levels of sleep pressure and different amounts of sleep. Experiment 1 used groups of rats with inherently strong diurnal rhythms in sleep-waking organization, with the assumption that such rats have comparatively high homeostatic sleep pressure during the light/rest period compared with the dark/active phase. Experiment 2 used rats with inherently weak diurnal rhythms in the distribution of sleep and waking, with the assumption that homeostatic sleep pressure in such rats is similar during the light and dark periods. Results indicate that MnPN GABAergic neurons are most strongly activated in response to increasing sleep pressure, whereas vlPOA GABAergic neurons are most strongly activated in response to increasing sleep amount.
Materials and Methods
All experiments were approved by the Animal Care and Use Committee at the Veterans Affairs Greater Los Angeles Health Care System and were conducted according to the guidelines of the National Research Council.
Animals and experimental environment
Thirty-three male Sprague Dawley rats, weighing 280 -320 g at the beginning of the experiments, were acclimated to a 12 h light/dark cycle (lights on at 8:00 A.M.). The rats were housed individually in environmental chambers. Food and water were available ad libitum and the ambient temperature was maintained at 23 Ϯ 0.5°C.
Surgical procedures and recording
Under ketamine/xylazine anesthesia (80/10 mg/kg, i.p.), rats were surgically implanted with chronic cortical electroencephalogram (EEG) and dorsal neck electromyogram (EMG) electrodes for assessment of sleepwakefulness states. Briefly, stainless steel screw electrodes were implanted in the skull for EEG recordings and flexible insulated stainless steel wires were threaded into neck muscles for EMG recordings. Leads from the electrodes were soldered to a small Amphenol connector and the complete assembly was anchored to the skull with dental acrylic.
On the 8th-13th days after surgery, animals were connected to a recording cable that was lightly suspended above them by a counterweighted beam and were adapted to the recording procedure for 5-6 h (beginning at 8:00 A.M.) each day. During experiments, EEG and EMG signals were recorded continuously using a polysomnographic recording device (Embla; Medcare Flaga Medical Devices, Reykjavik, Iceland). The EEG and EMG signals were digitally displayed and stored on a computer using Somnologica software (Somnologica Studio; Medcare Flaga Medical Devices).
Experimental paradigm
On the 14th day after surgery, all rats (n ϭ 33) were recorded for 24 h to determine baseline diurnal organization of sleep and waking. Rats (n ϭ 24) exhibiting Ն60% sleep during the light period and Յ30% sleep in the dark were assigned for experiment 1, whereas rats (n ϭ 9) with weaker diurnal rhythms in sleep and waking were assigned for experiment 2. All other experimental recordings described below were conducted on the 15th day after surgery.
Experiment 1. One group of rats (n ϭ 6) was allowed 2 h spontaneous Figure 1 . Mean percentages of time spent in waking, non-REM sleep, and REM sleep during 24 h baseline recordings for six rats exhibiting strong diurnal organization of sleep and wakefulness that were assigned to experiment 1 (A) and six rats exhibiting weak diurnal organization of sleep and wakefulness that were assigned to experiment 2 (B). 6.8 Ϯ 2.9** 57.7 Ϯ 2.04* 5.6 Ϯ 1.4** 72.1 Ϯ 2.5* Mean numbers of non-REM sleep onsets (n) 4 Ϯ 0.4* 9 Ϯ 0.5* 54 Ϯ 4.6* 14 Ϯ 0.5* Shown is the percentage of time spent in wakefulness, REM sleep, and non-REM sleep and mean numbers of non-REM sleep onsets for rats that were allowed spontaneous sleep-waking behavior during either the dark period (n ϭ 6) or during the light period (n ϭ 6), rats subjected to sleep deprivation during the light period (n ϭ 6), and rats that were allowed recovery sleep after the sleep deprivation in the light (n ϭ 6). Percentage of sleep-waking stages and the numbers of non-REM sleep onsets were calculated fora1hrecording period before the rats were killed. ANOVA indicated significant effect of experimental condition for percentage of wakefulness (F (3,20) Shown is the mean numbers of attempts to enter into sleep during sleep deprivation periods and mean numbers of single Fos-IR and Fos plus GAD double IR neurons in the MnPN for rats that were light-sleep deprived in the condition of a strong diurnal rhythm in baseline sleep-waking organization (experiment 1) and rats that were subjected to sleep deprivation either during the light period or during the dark period in the condition of weaker diurnal rhythms in baseline sleep and waking (experiment 2). Mean numbers of sleep attempts/entries were calculated for a 2 h recording period before the rats were killed. ANOVA indicated significant effect of experimental condition on the number of sleep attempts (F (2, 12) sleep and waking during the light period (ZT1-3). A second group of rats (n ϭ 6) was allowed 2 h spontaneous sleep-waking behavior during the dark period (ZT13-15). A third group of rats (n ϭ 12) was subjected to 2 h sleep deprivation during the light period (ZT1-3) and then divided into two subgroups: rats (n ϭ 6) that were killed right after the termination of the deprivation procedure and rats (n ϭ 6) that were allowed 1 h recovery sleep after the deprivation. To interrupt sleep episodes, rats were subjected to gentle arousing stimuli (tapping on the cage and/or slight movement of the cage) within 3-5 s of the first appearance of EEG signs of sleep. Animals were adapted to the sleep deprivation procedures on the 5th-13th postsurgical days, by exposing them to the stimuli used to interrupt sleep for several 5-10 min periods each day, between 8:00 A.M. and 3:00 P.M. Experiment 2. A group of nine rats, exhibiting a weak diurnal rhythm in sleep-waking organization, was subjected to 2 h sleep deprivation during either the light period (ZT1-3; n ϭ 5) or in the dark period (ZT13-15; n ϭ 4). Immediately after the end of all recordings, rats were given a lethal dose of anesthetic followed by perfusion.
Immunohistochemistry
Under deep pentobarbital anesthesia (100 mg/ kg), animals were transcardially perfused with 0.12 M Millonig's phosphate buffer (MPB) for 5 min, followed by 500 ml of 4% paraformaldehyde (PFA) in 0.12 M MPB. After perfusion, the bodies of the perfused animals were kept at 4°C for 1 h. The brains were then removed, postfixed in the same PFA solution for 1 h, washed in 0.12 M MPB and transferred successively to 10, 20, and 30% sucrose at 4°C until they sank. Brain tissue was processed for double immunostaining for Fos, the protein product of the immediate-early gene c-fos (Morgan and Curran, 1986; Dragunow and Faull, 1989) , and for glutamic acid decarboxylase (GAD), a marker of GABAergic cells (see Fig.  4 D) . Thirty micrometers coronal sections were cut through the MnPN and the vlPOA on a freezing microtome. The sections were processed for Fos-protein staining first. Sections were incubated overnight in a rabbit anti-c-Fos primary antiserum (AB-5, 1:15,000; Oncogene Science, Cambridge, MA) on a shaking table, at 4°C. Sections were processed with biotinylated goat anti-rabbit IgG (1:800; Vector Laboratories, Burlingame, CA) for 1.5 h at room temperature, followed by reaction with avidin-biotin complex (ABC, Vector Elite kit; 1:200; Vector Laboratories). Sections were developed with Nickel-diaminobenzidine tetrahydrochloride (Ni-DAB), which produced a black reaction product in cell nuclei. There was no nuclear staining in the absence of primary antiserum. To stain for GAD, we used mouse anti-GAD67 monoclonal antibody (MAB5406, lot # 25030191; Chemicon, Temecula, CA). This antibody (raised against recombinant GAD67 protein) is specific for GAD67 and shows no reactivity to GAD65 by Western blot (manufacturer's technical information). The antibody has been used successfully for Western blot and immunohistochemistry on rat and mouse tissue (manufacturer's technical information). Sections were incubated into the primary antibody (1:300) at 4°C over 48 h, then processed with biotinylated anti-mouse IgG (BA-2001, 1:500; Vector Laboratories), followed by reaction with avidin-biotin complex (Avidin/biotin blocking kit, 1:100; Vector Laboratories) and developed with DAB to produce a brown reaction product. Omission of the GAD primary antiserum resulted in the absence of specific staining. We always performed matched immunological processing of tissue simultaneously on pairs of brains from the different experimental groups. After the staining, the sections were mounted on gelatinized slides, dehydrated through graded alcohol, and coverslipped with Depex.
Data analysis
Sleep analysis. Sleep-wakefulness states of the rats were determined by an experienced scorer on the basis of the predominate state within each 10 s epoch. The scorer was blind to experimental condition and group identity of the animal. Wakefulness was defined by the presence of lowamplitude and high-frequency EEG activity combined with elevated neck muscle tone. Non-REM sleep consisted of a high-amplitude slow-wave EEG together with a low-EMG tone relative to wakefulness. REM sleep was identified by the presence of a moderate-amplitude EEG with dominant theta-frequency activity coupled with minimal neck EMG tonus except for occasional brief twitches.
During sleep deprivation, sleep pressure was defined by counting the number of sleep entries within the experimental procedure. To track the accumulation of sleep pressure, the number of sleep entries in each animal was averaged per consecutive 10 min interval of the 2 h sleep deprivation period.
Cell counts. Cell counts were conducted by an individual who was blind to the experimental condition of the animals. The Neurolucida computer-aided plotting system (MicroBrightField, Williston, VT) was used to identify and quantify neurons that were single labeled for c-Fos-IR and double-labeled for Fos plus GAD-IR. Section outlines were drawn under 20ϫ magnification. Fos IRNs and Fos plus GAD IRNs were mapped in the section outlines under 400ϫ magnification. All cell counts were calculated for constant rectangular grids corresponding to four areas of interest.
(1) The rostral MnPN (rMnPN) grid was a 600 ϫ 600 m square, centered on the apex of the third ventricle rostral to the decussation of the anterior commissure and to bregma (anterior, 0.1 mm) (Gong et al., 2000) . (2) The caudal MnPN (cMnPN) grid was placed immediately dorsal to the third ventricle at the level of the decussation of the anterior commissure, extending 150 m laterally and 600 m dorsally just caudal to bregma (anterior, Ϫ0.26 mm) (Gong et al., 2000) . The vlPOA counting grid was placed at the level 160 m or more caudal to the organum vasculosum of the lamina terminalis (approximately anterior, from Ϫ0.3 to Ϫ0.7 mm relative to bregma), and was subdivided into core and extended sections. (3) The vlPOA core box was 300 m wide by 300 m high, placed along the base of the brain, with its far border 400 m lateral to the lateral edge of the optic chiasm. (4) The medial extended vlPOA box was medial to the vlPOA core, 400 m wide by 300 m high. The dorsal extended vlPOA box was 200 m wide by 300 m high, positioned above the vlPOA core and medial extended vlPOA boxes and centered over their border.
For both the rMnPN and the cMnPN, cell counts were made in three sections and averaged to yield a single value for each rat. For vlPOA, cell counts were made bilaterally in three sections containing the largest part of the vlPOA. Those six counts were then averaged to yield a single value for both the vlPOA core and extended vlPOA (medial and dorsal sections combined) for each rat.
Statistical analysis. All results are reported as mean Ϯ SEM. One-way nonrepeated-measures ANOVA was calculated for behavioral stage percentages across animals that were allowed spontaneous sleep-waking behavior during the light period and in the dark and the light sleepdeprived rats (Table 1) . A similar ANOVA was calculated for the number of attempts to enter into sleep across all groups of sleep-deprived (light SLD, experiment 1; light SLD, experiment 2; and dark SLD, experiment 2) rats (Table 2) .
For single Fos-IR cell counts in MnPN and vlPOA sites across all four groups of experiment 1, a one-way nonrepeated-measures ANOVA was calculated (Figs. 5A, 6A) . A similar ANOVA was calculated for Fos plus GAD IRNs in MnPN and vlPOA sites across the same groups of rats (Figs. 5B, 6B) and for Fos-IR cell counts across all groups of sleep-deprived rats (See Table 2 ). After all ANOVAs, significance of the differences between individual group means was assessed by Newman-Keuls post hoc tests.
Results
Experimental rats (n ϭ 33) showed different profiles of their sleep-waking diurnal organization estimated by percentage time spent in sleep during the light/rest period versus the dark/active period. A large group of rats (n ϭ 24) exhibited strong diurnal rhythms in sleep amounts during 24 h baseline recordings; mean percentage of sleep time during the light period was 64.87 Ϯ 1.6%, whereas the percentage of sleep time during the dark period was 26.99 Ϯ 3.0%. These 24 rats were the subjects for experiment 1. Nine rats did not exhibit diurnality in sleep-waking behavior during 24 h baseline recordings; the mean percentage of sleep time during the light period (50.4 Ϯ 2.6) was not significantly different from the percentage of sleep time during the dark period (47.35 Ϯ 1.9%). These rats were the subjects for experiment 2. Figure 1 presents mean sleep-waking amounts during 24 h baseline recordings for six rats exhibiting strong diurnal rhythms in sleep-waking ( A) and six rats exhibiting weak or absent diurnal rhythms in sleep and waking ( B).
Experiment 1
Rats (n ϭ 6) that were allowed spontaneous sleep and waking during the dark period manifested low percentage of sleep (8.8 Ϯ 3.4%) during 1 h before death whereas the light period recorded rats (n ϭ 6) exhibited 73.7 Ϯ 2.6% sleep (Table 1, Fig. 2 A, B) . Sleep-deprived rats accumulated 5.6 Ϯ 1.4% of non-REM sleep and no REM sleep during the deprivation period (Table 1, Fig.  2C ). Rats (n ϭ 6) that were allowed a 1 h of recovery sleep after sleep deprivation during the light period exhibited 88.9 Ϯ 1.3% sleep (Table 1, Fig. 2 D) .
All sleep-deprived rats (n ϭ 12) manifested evidence of gradual elevation of sleep pressure; the number of sleep entries progressively increased within the deprivation period (Fig. 3) . Both total sleep time and the number of sleep onsets were significantly elevated in 1 h recovery sleep animals compared with animals exhibiting spontaneous sleep in the light (Table 1) . Rebound increases in these measures during recovery sleep provide further evidence that sleep pressure was elevated at the end of the 2 h sleep deprivation period. Examples of the distribution of Fosand Fos plus GAD-IR neurons in the MnPN and vlPOA for representative animals are shown in Figure 4 . Mean numbers of single Fos-IR and Fos plus GAD double IR neurons in MnPN and vlPOA sites across all four groups of animals are shown in Figures 5 and 6 . The numbers of Fos plus GAD double-IR neurons in rostral and caudal MnPN were highest in sleepdeprived rats that were not allowed a recovery sleep and lowest in rats permitted sleep during the dark cycle (Fig. 5B) . In vlPOA sites, Fos plus GAD double-IR cell counts were highest in rats permitted sleep during the light period and sleep-deprived rats that were allowed recovery sleep after the deprivation (Fig. 6 B) . See Figures 5 and 6 and the accompanying legends for a summary of other between group differences.
Experiment 2
Light-sleep deprived (n ϭ 5) and darksleep deprived (n ϭ 4) rats exhibited similar degrees of sleep homeostatic pressure estimated by total numbers of sleep entries within the experimental period ( Table 2) . As shown, the number of attempts to initiate sleep in these two groups of rats was significantly lower compared with the number of sleep attempts in rats that were sleep-deprived during the light/rest period in experiment 1. However, sleepdeprived rats in experiment 2 manifested evidence of gradual accumulation of sleep pressure; the number of required awakenings progressively increased within the deprivation period (Fig. 3) .
The numbers of single Fos-IR and Fos plus GAD double-IR neurons in the MnPN of light-sleep and dark-sleep deprived rats in experiment 2 were not significantly different, but values were lower than those for rats that were subjected to deprivation during the light period under the condition of a strong diurnal rhythm in baseline sleep and waking (Table 2) .
Discussion
Neuronal substrates underlying homeostatic aspects of sleep regulation are poorly defined. We report for the first time that GABAergic neurons in the MnPN exhibit maximal expression of Fos-IR in situations of high homeostatic sleep need accompanied by minimal sleep (i.e., in response to sleep deprivation during the light/rest period) (Fig. 5B) . In contrast, vlPOA GABAergic neurons exhibit maximal Fos-IR during recovery sleep and spontaneous sleep in the light (Fig. 6 B) . These results identify a potential mechanistic role for MnPN GABAergic neurons in homeostatic sleep regulation.
Across the several conditions studied in experiments 1 and 2, dissociation of sleep pressure, sleep amount, and time of day were achieved. In experiment 1, Fos-IR in MnPN GABAergic neurons was lowest during spontaneous sleep in the dark, a condition of low sleep pressure and low sleep amount. However, in a condition of high sleep pressure and minimal sleep (sleep deprivation in the light period), Fos-IR in MnPN GABAergic neurons was maximal. In two conditions of high sleep amount, spontaneous sleep and recovery sleep in the light, Fos-IR in MnPN GABAergic neurons was higher in the condition with higher sleep pressure (i.e., recovery sleep). Collectively, these results demonstrate that activation of MnPN GABAergic neurons varies along the dimension of increasing sleep pressure.
Fos-IR in vlPOA GABAergic neurons was significantly higher during both spontaneous sleep and recovery sleep, compared with sleep deprivation (Fig. 6 ). This agrees with previous reports that Fos-IR in vlPOA neurons does not increase after sleep deprivation unless animals are permitted recovery sleep (Sherin et al.1996) , and that sleep-related discharge of vlPOA neurons is elevated after 16 h of sleep deprivation, whereas waking-related discharge rates are unchanged (Szymusiak et al., 1998) . Fos-IR in vlPOA GABAergic neurons is significantly elevated during recovery sleep after 24 h sleep deprivation compared with baseline sleep (Gong et al., 2004) , supporting unit recording data that sleep-related activation of the vlPOA can occur in response to increasing homeostatic sleep pressure. Several lines of evidence support the hypothesis that mutual inhibitory interactions between vlPOA sleep-regulatory neurons and monoaminergic systems function to stabilize sleep and waking states (Saper et al., 2001 (Saper et al., , 2005 . Increased activation of vlPOA GABAergic neurons during recovery sleep after sustained sleep loss could function to prolong sleep bout durations and to promote deeper sleep stages via inhibition of monoaminergic systems.
Reduced Fos-IR in MnPN neurons during spontaneous sleep in the dark versus the light period is interpreted by us to reflect low sleep pressure during the dark period. Alternatively, low Fos-IR cell counts in the dark could be a consequence of lightdark modulation of c-fos expression in this nucleus. However, results of experiment 2 do not support such an explanation. Rats with weak diurnal rhythms exhibited similar levels of sleep pressure, defined by the number of attempts to initiate sleep, during SLD in the light period and SLD in the dark period (Table 2) . That Fos plus GAD-IR cell counts did not differ in these two conditions ( Table 2 ) is evidence that in the absence of diurnal variation in sleep pressure, no strong light-dark rhythm of c-fos expression is evident in MnPN neurons.
We previously reported low levels of Fos-IR in the MnPN after 2 h of sleep deprivation in the light period (Gong et al., 2000) , in contrast to this study and a recent publication (Gvilia et al., 2005) . We can identify two important differences in the methods of sleep deprivation among these studies. In our recent studies, animals were adapted to sleep deprivation procedures during the 7-9 d before experiments, and stimuli were applied at the minimal intensity required to produce arousal. In our original report (Gong et al., 2000) , animals were not adapted to deprivation procedures, and no attempts were made to keep arousing stimuli at threshold levels. Therefore, it may be that hyperarousal induced by novel, intense stimuli during sleep deprivation evokes strong inhibition of MnPN sleep-active neurons, such that the excitatory effects of increasing homeostatic pressure cannot be detected by changes in Fos-IR.
It has been reported that more MnPN GABAergic neurons express Fos-IR after 3 h of recovery sleep compared with 3 h of sleep deprivation (Modirrousta et al., 2004) . The finding that few MnPN GABAergic neurons express Fos-IR after sleep deprivation appears contradictory to our current findings. At least two differences in methodology could account for the different results. First, the timing of sleep deprivation differed. We performed sleep deprivation beginning at 9:00 A.M., 1 h after lightson. Modirrousta et al. (2004) deprived animals of sleep beginning at 12:00 P.M. The time of lights-on was not specified in this study, but sleep deprivation may have been applied after the major sleep period of the light cycle, when overall sleep pressure was low. Second, Modirrousta et al. (2004) report that no sleep occurred during their sleep deprivation procedures, suggesting that animals were continually handled during deprivation. We applied arousing stimuli only after animals exhibited brief, EEG-defined sleep onsets. Increased Fos-IR in MnPN GABAergic neurons in our study may have reflected neuronal discharge during wake to sleep transitions (Suntsova et al., 2002 ). rMnPN and cMnPN , respectively, across all four groups of rats from experiment 1. For single Fos-IR cell counts in the MnPN, ANOVA indicated significant effects of experimental conditions in both the rostral (F (3,20) ϭ 59.57; p Ͻ 0.001) and caudal (F (3,20) ϭ 50.28; p Ͻ 0.001) portions of the MnPN. There were significant effects of experimental conditions for double Fos plus GAD-IR cell counts in both rostral (F (3,20) ϭ 56.15; p Ͻ 0.001) and caudal MnPN (F (3, 20) ϭ 41.37; p Ͻ 0.001). Individual group mean differences as determined by post hoc tests (Newman-Keuls) are indicated by asterisks (*p Ͻ 0.01; **p Ͻ 0.001). (F (3,20) ϭ 11.37; p Ͻ 0.001) and extended vlPOA (F (3,20) ϭ 22.35; p Ͻ 0.001). There were significant effects of experimental conditions for double Fos plus GAD-IR cell counts in both the vlPOA cluster (F (3,20) ϭ 11.51; p Ͻ 0.001) and extended vlPOA (F (3,20) ϭ 26.99; p Ͻ 0.001). Individual group mean differences as determined by post hoc tests (Newman-Keuls) are indicated by asterisks (*p Ͻ 0.01; **p Ͻ 0.001).
